• This study aimed to compare the performance of visual inspection (ICDAS-II), laser fluorescence (DIAGNOdent pen), and the near-infrared transillumination technique (DIAGNOcam) in the detection of non-cavitated occlusal caries lesions.
the teeth were re-evaluated shortly after the extractions with the same methods. Then, the teeth were sectioned for histological validation according to Downer's criteria. Sensitivity, specificity, accuracy, and area under the receiver operating characteristic (ROC) curves were calculated based on the histological results. Results: For the D 0 -D [1] [2] [3] [4] threshold, the area under the ROC curve values ranged between 0.754 and 0.881 for all systems. Sensitivity values ranged between 80.5 and 96.1%, and specificity values ranged between 61.5 and 84.6% for the three caries detection methods. DIAGNOcam had the best correlation value (0.616) according to histological observations and demonstrated a sensitivity rate of 96.1%, a specificity rate of 61.5%, and an accuracy rate of 91.1%. Conclusions: DIAGNOcam was found to be the most effective method for the diagnosis of occlusal caries without cavitation in permanent molar teeth.
Introduction
Occlusal caries is most frequent on molar and premolar teeth [1] . The detection of occlusal caries is difficult due to the complex morphology of the occlusal surface [2, 3] . Visual examination is useful only in more pronounced stages of this caries [2] . Evidence-based new visual criteria for caries detection were developed in 2002 to correlate the clinical status of the teeth with their histopathological status, called the International Caries Detection and Assessment System (ICDAS) [2, 4] . Later, a modification was applied and the ICDAS-II criteria was created. ICDAS-II provides a standardization in data collection and comparability among studies and has good reproducibility and accuracy in detecting occlusal caries [4] . Although convenient methods have been developed, it should be noted that visual examination is subjective and depends on observer's decision [5] .
Recently, various caries detection systems, such as DIAGNOdent pen (KaVo, Biberach, Germany) and DIAGNOcam (KaVo) have been introduced to improve the accuracy of detecting non-cavitated occlusal caries [6] . DIAGNOdent pen uses laser fluorescence (LF) technology and provides numerical values from 0 to 99 [5, 7, 8] . This device has been used in various studies for the detection of occlusal and smooth surface caries [3] . It can also be used for proximal surfaces [6] . Higher values indicate deeper caries lesions [5, 8] . Increased pore volume in demineralized enamel leads to changes in its optical characteristics. LF detects more fluorophores within these pores compared to healthy unchanged enamel [9] . In other words, LF measures the fluorescence of the lesion, the porphyrins which are produced by microbial metabolic products [5, 10] . The DIAGNOdent pen emits a red diode laser beam and the procedure requires the device to be in contact with the lesion [10] . It is the most widely used LFbased device for detecting caries and is advised in some studies as a diagnostic system adjunct to dental radiographs [11] . Shi et al. [12] showed that LF was significantly more effective than radiographs in detecting occlusal caries. DIAGNOcam (KaVo) uses near-infrared (NIR) light (780 nm) for detecting caries. This system is based on digital fiber optical transillumination (DIFOTI) [13] . The major difference between the two is that DIFO-TI uses visible light, while NIR light transillumination (NIR-LT) uses invisible long-wave light [14] . Recently published studies show that NIR-LT is suitable for detecting early caries lesions [15] .
The detection of occlusal caries, especially hidden caries, is quite difficult and there is a great variation between clinicians' diagnoses. Non-cavitated caries is more common than visible cavitated caries [16] due to the widespread use of fluoride [17] . Additional X-ray free diagnostic tools may help to provide more consistent decisions. There are numerous ICDAS studies, many DIAGNOdent studies, but only a few DIAGNOcam studies on occlusal surfaces [6, 13, 17] . The aim of this study was to evaluate the capability of DIAGNOcam in detecting non-cavitated occlusal caries lesions and to compare it with visual inspection (ICDAS-II) and LF under clinical and laboratory conditions in 90 third molar teeth planned for extraction. To our knowledge, no other studies have been reported comparing these three systems in the detection of non-cavitated occlusal caries with histological validation.
Material and Methods

Study Population and Design
This study was conducted between December 2017 and April 2018 in the Department of Conservative Dentistry, Faculty of Dentistry, Necmettin Erbakan University. A total of 90 third molar teeth planned for extraction were selected from 90 patients with a mean age of 23 years (range [18] [19] [20] [21] [22] [23] [24] [25] . DMFT (decayed-missingfilled teeth) scores of the individuals were between 4 and 15. Inclusion of the individuals was according to the following criteria: fully erupted permanent dentition, no orthodontic treatment with fixed appliances, and minimum age of 18 years. The third molar teeth were non-cavitated, non-hypoplastic, and they had no restorations or fissure sealants.
As a result of the power analysis performed on a sample size of n = 90, an actual power of 0.812, 5% type-I error and 80% prevalence, was found, and based on this 90 third molar teeth were satisfactory. The teeth were firstly examined in clinical conditions and scored according to ICDAS-II criteria and examined with DIAGNOdent pen and DIAGNOcam devices. After finishing the clinical examination, the teeth were re-evaluated shortly after the extractions with the same methods and in the same order. Then, the teeth were sectioned for histological validation according to Downer's [18] criteria.
Visual Examination
For visual inspection, the teeth were initially professionally cleaned using a rotary brush and a low abrasive polishing paste, and then the lesion severity was scored according to ICDAS-II system. The visual inspection was conducted with a blunt probe, dental mirror, and the light source of the dental unit. No visual aids such as microscopes or magnifying glasses were used. The teeth were examined after drying with compressed air for 5 s. The advanced scoring in ICDAS-II intended for more advanced caries lesions was not used because it is not relevant to our study (Table 1) .
LF Measurements
The application of the DIAGNOdent pen (KaVo 2190, wavelength 655 nm) was according to the manufacturer's instructions, which recommended the tooth to be primarily isolated with cotton Med Princ Pract 2020;29:25-31 DOI: 10.1159/000501257 rolls followed by drying for 5 s. The tip of the device was placed vertically into the pits and fissures to get the highest fluorescence value. After the application the values were evaluated (Table 1) .
NIR-LT
DIAGNOcam (KaVo 2170, wavelength 780 nm) examination was carried out with the dental unit light source off, on dried and cleaned tooth surfaces. The presence and absence of caries was diagnosed. During the procedure the images were not archived. Carious changes are displayed as dark shades in contrast to the healthy tooth substances and were scored as follows:
0 -light transmission unchanged 1 -shadow visible in the enamel/dentine. After the extractions the teeth were cleaned to remove blood residues and stored in distilled water. This is because distilled water provides standardization in fluorescence measurements. For in vitro evaluations, teeth were stabilized in acrylic resin blocks. Then, caries assessment was performed with all methods independently by the same examiner. All diagnoses were blindly made from all the other diagnostic results, which resulted in an independent and unbiased diagnostic conclusion. The in vitro DIAGNOdent pen and DIAGNOcam examinations were performed as described in in vivo examination.
Histological Examination (Reference Standard)
The teeth were placed in acrylic molds for histological evaluation. Then, using an Isomet precision sectioning saw under water cooling conditions, they were divided into 300-to 400-μm slices in the mesiodistal direction with diamonds spare, passing through the center of the measurement point and parallel to the longitudinal axis of the tooth. The section where the decay was deeper was selected for evaluation. There was no tooth loss during this sectioning. For histological evaluation, the slices were examined with an Olympus SZ4045 TRPT stereomicroscope at a 40× magnification rate. Evaluation of the sections examined under the microscope was made in compliance with Downer's [18] histological scoring criteria (Table 1) .
Calibration
This study was performed by 1 examiner (S.K.) and had two phases which were an in vitro and in vivo phase. The operator (S.K.) made all diagnostic decisions and histological examinations. In order to calculate intra-observer reliability, the operator of the study had been calibrated on 25 teeth before performing the diagnostic methods (κ = 0.76-0.91). All samples were prepared and evaluated by the same examiner who had 4 years of experience in conservative dentistry. The researchers who conceived this study had previously conducted research projects and doctoral theses in the same topic and have a minimum of 3 years of experience with each diagnostic system (ICDAS-II, DIAGNOdent pen, and DIAGNOcam).
Statistics
In this study, the histological evaluation method which was used to assess the efficacy of different methods that we used for diagnosing occlusal decay was accepted as the "reference standard." The data that we have obtained were evaluated by grouping according to the threshold values of D 1 (solid-decay differentiation), D 2 (enamel decay), and D 3 (dentine decay; Table 2 ). According to the threshold value range of D 1 , a score of 0 was determined as healthy tooth and scores of 1, 2, and 3 as decayed tooth. According to the threshold value range of D 2 , scores of 0 and 1 were accepted as healthy tooth, and scores of 2 and 3 as decayed tooth. According to the threshold value range of D 3 , scores of 0, 1, and 2 were accepted as healthy tooth, while a score of 3 was accepted as decayed tooth.
Sensitivity, specificity, accuracy, and area under the receiver operating characteristic (ROC) curves were calculated based on histological reference standards. The analyses were performed by SPSS v.21.0 (IBM Corp, Armonk, NY, USA), PASS (v.13.0.6, NCSS, LLC, Kaysville, UT, USA), and STATA (v.14.2, 2015, StataCorp, College Station, TX, USA). The significance level was p < 0.05. 
Results
Of the 90 samples, 14.4% had no caries lesions according to Downer's [18] histological criteria. The distribution of the samples according to their histological thresholds are given in Table 3 .
We observed that the DIAGNOcam had the best correlation value (0.608) with the histological reference standard and demonstrated a sensitivity rate of 96.1%, specificity rate of 61.5%, and an accuracy rate of 91.1%. In vitro evaluation results demonstrated higher sensitivity and specificity rates compared to in vivo evaluations. All methods had comparatively high areas under the ROC curve. The sensitivity, specificity, accuracy, area under the ROC curve values, and the correlation coefficients of the histological results of the three methods are shown in Tables 4 and 5 .
The intra-observer consistency was always > 0.94. Kendall's tau correlation coefficients of the caries diagnostic methods are presented in Table 6 .
Discussion
This is the first study to include both an in vivo and in vitro component using ICDAS-II, LF, and NIR-LT methods with reference to histological validation and analysis of their performance to predict the presence of non-cavitated occlusal caries lesions in permanent third molars. The major limitation in many studies is the histological validation of the results. In this study, this limitation was overcome by planning extraction of the teeth. In vivo studies evaluating caries detection have a disadvantage in terms of validating the results if operative/invasive treatment is not planned. In vitro studies permit histopathological validation to assess the extent of the decay more accurately [19] .
There are numerous studies in the literature investigating the performance of diagnostic systems for caries detection. Some of the differences in the results can be related to the storage conditions, presence of discolorations, calculus, plaque, and remnants of prophylaxis pastes. These may all influence the measurements and lead to false-positive results [2] .
The accurate diagnosis of occlusal caries is still challenging [6] and the early diagnosis of occlusal caries plays an important role in dental practice. The occlusal fissure structure should be examined regularly for signs of caries because of its susceptibility to caries [9] . Visual inspection may misinterpret the extent of non-cavitated occlusal caries [3] . However, it is important to be able to detect such lesions to help treatment decisions. A correct diagnosis leads to the application of proper preventive measures or operative procedures [9] . It was observed that the earlier the stage of the decay, the worse the performance of the method [8] .
Between the three methods used, our results revealed that in vitro DIAGNOcam findings were most closely correlated to the histological results and presented the highest sensitivity and accuracy rates at the D 1 threshold. This means that DIAGNOcam is the most effective method in discriminating healthy and carious lesions. According to the threshold value range in D 2 and D 3 , DIAGNOdent had higher sensitivity rates than ICDAS-II. Without taking the examination conditions into consideration, the in vitro evaluation results demonstrated higher sensitivity and specificity rates compared to in vivo evaluations. At the threshold of D 1 , the DIAGNOcam device showed significantly better sensitivity rates compared to the other methods, but lower specificity rates. Therefore, compared to other methods, this device seems to be able to detect caries lesions at an earlier phase, but has high rates in misconceiving healthy tooth surfaces as carious. The diagnostic accuracy of the DIAGNOcam method was further aided by a greater area under the ROC curve. The DIAGNOcam device was more sensitive than ICDAS-II to early changes in enamel, but had lower specificity rates. Because of this, this study recommended that at the D 1 threshold DIAGNOcam images are more precise than other methods. In this study, the DIAGNOcam specificity rates for in vivo evaluations were slightly higher than for the in vitro evaluations, which could be due to the differences in the oral cavity and the in vitro environmental conditions. Only a few studies have evaluated the diagnostic performance of DIAGNOcam and our results support that this device could be used effectively for the detection of occlusal caries without cavitation. Marinova-Takorova et al. [6] found that DIAGNOcam was more sensitive than radiographic examination intended for occlusal caries diagnosis. In the samples where only the enamel was affected, the visual diagnostic method showed a sensitivity rate of 23.4% which was accepted as insufficient. The radiographic diagnosis of the caries lesions is accurate when the dentine is involved, however it generally leads to a misinterpretation of the extent of the caries when only the enamel is affected [6] .
Valera et al. [20] indicated that visual examination has a low sensitivity but high specificity. The fundamentals of this method are closely associated to the opacity of the occlusal surfaces. It is a highly subjective technique and requires experience. The sensitivity of the visual method ranges from 0.30 to 0.80 and its specificity from 0.70 to 0.90 [6] . The calculated specificity (84.6%) and sensitivity (85.7-87%) rates in this study were good. This may be because of the observer's experience in studies conducted on the diagnoses of dental caries [9] . Bengtson et al. [21] suggested that the observers' clinical experience is important for caries detection in terms of visual examination. Valera et al. [20] also found that visual and radiographic examination made together for occlusal caries resulted in specificity rates of 99%. The combination of visual and tactile methods provides a more accurate diagnosis, but the need to use a probe is a drawback [6] .
False negative cases are hidden occlusal caries lesions which penetrate into dentine but cannot be seen macroscopically [9] . Therefore, DIAGNOdent pen and DIAGNOcam might be useful in detecting hidden occlusal caries. Huth et al. [9] found that LF was excellent (area under the ROC curve 0.92) in discriminating healthy and carious lesions and good (area under the ROC curve 0.78) in discriminating enamel and dentine caries. Lederer et al. [22] found that DIAGNOcam was more capable of detecting initial proximal lesions than digital radiography. Many studies have reported high sensitivity rates for LF, ranging from 79 to 100% [3, 23, 24] . When comparing LF with visual methods for occlusal caries, Braga et al. [5] found that for LF specificity was higher than the visual method. Our results indicated that LF (area under the ROC curve 0.75-0.88) and a visual method (area under the ROC curve 0.85-0.86) were good in discriminating healthy and carious lesions. On the other hand, Ricketts [25] reported that DIAGNOdent showed greater sensitivity but poorer specificity than the visual method and recommended this technique as an adjunct method.
Early and accurate diagnosis has vital importance in planning the treatment. In this study we considered visual, LF, and NIR-LT methods. One of the interesting results of our study was the decrease in sensitivity rates at the D 3 level for visual examination (ICDAS-II). This can be explained with our study sample because only teeth with non-cavitated caries were included in the study. Although normal dentine caries lesions are easier to detect by visual inspection, diagnosis may become difficult if the teeth have an intact enamel surface.
Because occlusal surfaces of permanent third molar teeth were investigated, uncommon occlusal surface structure, variations in eruption angle, restricted light, and intraoral access during investigation with the visual method were limitations of this study. Especially the third molar teeth in the study that were not in an upright position can be thought to not reflect the entire sample. However, for ethical reasons, it has been identified as the best method for histological verification for caries classification on these permanent teeth. It should be stated that the existence of caries lesions in third molars is uncommon. The third molar teeth have an occlusal morphology similar to other molar teeth, which provides a suitable environment for plaque accumulation and subsequent caries lesion formation.
Conclusion
Within the limitations of this study, the NIR-LT method is recommended above all in the discrimination of healthy and occlusal carious lesions. LF was found to be a more sensitive method for discriminating enamel and dentine caries compared to the visual technique.
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